The lemA gene is conserved among strains and pathovars of Pseudomonas syringae. In P. syringae pv. syringae B728a, a causal agent of bacterial brown spot disease of bean, the lemnA gene is required for lesion formation on leaves and pods. Using lemA-containing DNA as a probe, we determined that 80 P. syringae pv. syringae strains isolated from bean leaves could be grouped into seven classes based on restriction fragment length polymorphism. Marker exchange mutagenesis showed that the lemA gene was required for lesion formation by representative strains from each restriction fragment length polymorphism class. Hybridization to the lemA locus was detected within six different P. syringae pathovars and within Pseudomonas aeruginosa.
Interestingly, a lemA homolog was present and functional within the nonpathogenic strain P. syringae Cit7. We cloned a lemA homolog from a genomic library of P. syringae pv. phaseolicola NPS3121, a causal agent of halo blight of bean, that restored lesion formation to a P. syringae pv. syringae lemA mutant. However, a lemA4 mutant P. syringae pv. phaseolicola strain retained the ability to produce halo blight disease symptoms on bean plants. Therefore, the lemnA gene played an essential role in disease lesion formation by P. syringae pv. syringae isolates, but was not required for pathogenicity of a P. syringae pv. phaseolicola strain.
The species Pseudomonas syringae includes a diverse group of bacteria that cause diseases on the foliage of plants. These bacteria differ in the disease symptoms they induce, in plant host range, and in production of phytotoxins and enzymes (28) . Toxins are essential for pathogenicity in some strains but not in others. For example, mutants of P. syringae pv. phaseolicola that do not produce phaseolotoxin, a chlorosis-inducing toxin, are still pathogenic on bean (Phaseolus vulgans) (31) . Similarly, the toxin syringomycin does not play an essential role in disease since pathogenic P. syringae pv. syringae strains that do not produce the toxin have been isolated (11, 20, 25) . Tabtoxin is required for disease lesion formation by P. syringae BR2 (wildfire of bean) but not by P. syringae pv. tabaci 11528 (wildfire of tobacco, Nicotiana tabacum) (15) . Other studies have identified genes of unknown function that are required for bacterial pathogenicity. Mutations within hrp genes, for example, conserved among many bacterial plant pathogens, not only result in loss of lesion formation but also affect other interactions with plants, including growth in the plant and induction of the hypersensitive response (for a review, see reference 38) .
To investigate genetic mechanisms that enable phytopathogenic bacteria to cause disease symptoms on their respective hosts, we are studying P. syringae pv. syringae B728a, a causal agent of bacterial brown spot disease of snap bean. The lemA gene, identified by transposon mutagenesis of B728a, is required for the formation of disease lesions on bean leaves and pods (37) . In contrast to hrp mutants, a lemAl::TnS mutant derivative of B728a does not form lesions but is able to grow on bean leaves and to elicit the hypersensitive reaction on a nonhost, tobacco. In addition to the defect in lesion-forming ability, a lemAl::TnS mutant fails to produce syringomycin and protease, two products exported by the wild-type strain (11, 12) .
In the present study, we examined the physical and functional conservation of the lemnA locus within P. syringae. The lemA gene was required for lesion formation and for protease and syringomycin production by representative P. syringae pv. syringae strains isolated from beans. A functional lemA4 gene was also essential for protease and syringotoxin production by a nonpathogenic P. syringae strain. Interestingly, a lemA mutant of P. syringae pv. phaseolicola NPS3121 retained full pathogenicity on bean and was unaffected in its ability to produce phaseolotoxin.
(A preliminary account of some of the results presented here has been published previously [26] .)
MATERIALS AND METHODS
Bacteria, plasmids, and bacteriophage. The sources and genotypes of bacterial isolates, plasmids, and phage are listed in Table 1 . Bacterial growth conditions were as previously described (37) . P. syringae pv. syringae strains were isolated from bean plants grown in experimental field plots (Arlington and Hancock, Wis.) by dilution plating of homogenized bean leaflets. The strains were identified by fluorescence under long-wave UV radiation, oxidase reaction, and colony morphology on King's B (KB) (14) and glycerol agar (21) media. For our analysis, 80 isolates able to cause brown spot disease on bean pods were randomly chosen from strains collected from 1979 to 1985. (32) supplemented with sterile skim milk to 10% (vol/vol). Alternatively, colonies were assayed on Bacto-Litmus Milk agar (Difco Laboratories). To assay for syringomycin production, colonies were grown for 4 days at 28°C on SRM-modified medium (9) and then the plates were sprayed with a suspension of the sensitive yeast Rhodotorula pilimanae (kindly provided by N. Iacobellis [39] ). Phaseolotoxin was assayed as described by Staskawicz and Panopoulos (31) with the following modifications: Turner's minimal agar (33) , with 0.4% glycerol substituting for glucose, was overlaid with 5 ml of M9 top agar (17) , also prepared with 0.4% glycerol instead of glucose and containing 100 ,ul of an overnight culture of the indicator Escherichia coli MIKE. A 20-,ul volume of a bacterial culture washed once with sterile water was spotted onto 6-mm sterile antibiotic disks (Schleicher & Schuell). Each disk was placed on a plate containing L-ornithine (1.5 mg/ml), L-arginine (1.5 mg/ml), or no supplement to the top agar, in addition to E. coli MIKE. After incubation at 20°C, phaseolotoxin-producing strains were surrounded by a clear zone of inhibition that was reversed by arginine but not by ornithine. This indicated the inhibition of the phaseolotoxinsensitive enzyme L-ornithine carbamyltransferase that catalyzes the conversion of ornithine to citrulline, which is required for arginine biosynthesis (31) . Production of phaseolotoxin was also observed as chlorosis on bean leaves inoculated with P. syningae pv. phaseolicola strains.
DNA manipulations. General recombinant DNA techniques were performed as described elsewhere (17) . Ge- nomic DNA from appropriate bacterial strains listed in (6) were performed as published previously (36) .
Mutagenesis with A::TnS and screening by plate matings. The cosmid pKW12 was mutagenized with Tn5 by using A::TnS as described previously (29) . Briefly, a culture of E. coli DH5o4pKW12) was grown to an optical density at 600 nm of -1.0 in Luria-Bertani (LB) medium (17) Figure 1A shows the EcoRI digestion pattern within representative strains of three of the above groups. Strain B728a (group 1, lane 1) exhibited the expected 6.1-kb fragment. The apparent sizes of the EcoRI fragments (4.5 and 1.7 kb) within group 2 (4B10) are consistent with the presence of an additional EcoRI site in the 6.1-kb fragment. However, since the sum of fragment lengths (5.1 and 1.6 kb) within group 3 isolates (SlB1129) is greater than 6.1 kb, the RFLP differences between groups 1 and 3 must involve more than one restriction site or be the result of a DNA insertion.
Conserved function of the kemA gene within P. syringae pv. syringae isolates. The lemAI::TnS mutation, contained in the cosmid clone pKW25, was exchanged by homologous recombination into representative strains from each of the seven RFLP classes. Representative exchanges into three of the RFLP classes are shown in Fig. 1A . The wild-type 6.1-kb EcoRI fragment observed in strain B728a (group 1) was replaced in the exchange mutant B728a(1emA1::Tn5) by a fragment of 11.9 kb, corresponding to an increase of 5.8 kb, the length of Tn5. Both the undisrupted 6.1-kb EcoRI fragment and the 11.9-kb lemAl::Tn5 EcoRI fragment were present in the merodiploid exchange intermediate, B728a (pKW25) (lane 2). An exchange of the lemAl::Tn5 mutation into strain 4B10 (group 2) replaced the 4.5-kb EcoRI fragment with a 10.3-kb fragment corresponding to the recombinational addition of the TnS. Similarly, strain SlB1129 (lemAl::Tn5) contained a fragment of approximately 10.9 kb and lacked the 5.1-kb EcoRI fragment.
The introduction of the lemAJ::Tn5 mutation resulted in the loss of lesion-forming ability and protease and syringomycin production in all exchange mutant strains in each of the seven RFLP groups of P. syningae pv. syringae isolates. The phenotypes of the wild-type, merodiploid, and mutant strains from representative group 2 (4B10) and group 3 (SlB1129) isolates on bean leaves are shown in Fig. 1B . The effect of the lemAJ::Tn5 mutation on the ability of strain B728a (group 1) to form lesions on leaves (37) is shown in Fig. 2 . The wild-type phenotype was restored to three exchange mutants, B728a(1emA1: :Tn5), 4B10(1emA1: :Tn5), and S1B1129(1enzAJ::TnS), by the introduction of pKW352, a cosmid clone containing the wild-type P. syringae pv. syringae lemA locus. This further established that the Lemphenotype of the exchange mutants was due to the presence of the lemAl::TnS mutation.
Exchange of the 1emAl::Tn5 mutation into a nonpathogenic P. syringae strain. We observed a hybridization signal at 6.1 kb in EcoRI-digested DNA from P. syningae Cit7 when the 6.1-kb fragment isolated from pKW352 was used as a probe (Fig. 3A) . Cit7 is a nonpathogenic strain isolated from citrus in California (19) . We have found that Cit7 produces protease as determined by plate assay. This strain also inhibits the growth of Rhodotorula pilimanae in our plate bioassay, apparently because of production of syringotoxin (8) . We exchanged the lemAl::TnS mutation into the chromosome of P. syringae Cit7 by using pKW25 (Fig. 4) . The resulting Cit7(1emAJ::TnS) mutants failed to produce protease and did not inhibit the growth of Rhodotorula pilimanae, indicating that the lemA gene was required for the expression of these two activities in this nonpathogenic strain.
Physical conservation of the lemAl gene among P. syringae pathovars. Hybridization to the 6.1-kb EcoRI fragment isolated from pKW352 was also detected in other P. syningae pathogens. A signal at 6.1 kb was observed in P. syringae pv. phaseolicola, P. syringae pv. glycinea, and P. syringae BR2 (Fig. 3A) -106-CFU/ml suspensions of bacterial strains 4B310, 4B310(pKW25), 4B10(lemAl::TnS), S1B31129, S1B1129(pKW25), S1B1129(1emA1 ::Tn5).
The plant was incubated in a growth chamber at 240C with a 14-h light cycle. Symptoms were characterized by a spreading necrosis with pathogenic strains and no visible reaction with nonpathogenic strains (37) . The leaf was photographed 4 to 5 days after inoculation. aeruginosa PAO8 (Fig. 3B) To address whether the lemA gene is essential for disease symptom production by P. syringae pv. phaseolicola, TnS insertions into the lemA,,p gene contained in pKW12 were used to obtain P. syringae pv. phaseolicola strains mutated at the lemA locus. We mutagenized pKW12 with X: :Tn5 and screened about 300 TnS-containing clones for the inability to restore protease production to NUVS1, a recA derivative of NPS3136. Five insertion mutants did not restore protease production to NUVS1. One of these, pJJR272, failed to restore lesion formation on bean plants or syringomycin production to NUVS1 (data not shown). The Tn5 insertion within pJJR272 was located within the conserved 6.1-kb EcoRI fragment and has been designated 1emA,,P272: :Tn5.
The 1emApP~272: :TnS mutation was introduced into the chromosomes of P. syringae pv. phaseolicola NPS3121 and P. syringae pv. syringae B728a (Fig. 4) . The exchange mutants of B728a exhibited the lemA mutant phenotypes (loss of lesion formation, protease production, and syringomycin production), which confirmed that the Tn.5 insertion had occurred within the lemA gene. These defects were complemented by the lemApss-containing clone, pKW352 (Fig. 2) . The NPS3121 lemA exchange mutants were tested for production of halo blight symptoms on bean plants and for phaseolotoxin production both by plate assay and on bean leaves. The NPS3121 wild-type and exchange mutant strains were identical for these phenotypes: the P. syningae pv. phaseolicola lemAPSP272::TnS mutant strain formed water-soaked lesions surrounded by a chlorotic halo typical of halo blight of bean (data not shown) and still produced phaseolotoxin (Fig. 5) .
DISCUSSION
The ability of P. syringae pv. syringae B728a to form lesions on bean leaves and pods requires the lemA gene. The lemAl::Tn5 mutation results in loss of lesion formation and protease and syringomycin production, whereas other bacterium-plant interactions thus far examined remain unaffected. We extended the analysis of lemA gene function to pathogenic P. syringae pv. syringae strains isolated from field-grown bean plants. Fig. 1 for methods) . EcoRI-digested genomic DNAs of the indicated strains were analyzed.
introduced by marker exchange into representative strains from each of seven groups (or populations) of P. syringae pv. syringae distinguished by RFLP profiles. In all cases, the inheritance of the lemAl ::Tn5 mutation was correlated with the loss of lesion-forming ability and protease and syringomycin production. This functional conservation of the lemA locus within diverse populations of P. syingae pv. syringae provides evidence for a general requirement for the lemA gene in bacterial brown spot disease of bean.
Correlations have been drawn between RFLP groupings and pathogenicity in X. campestris (16) 3), and P. syningae (5) . These studies report the potential of RFLP typing as an alternative to identification methods based on pathogenicity or physiological tests. Most of the RFLP studies cited above compared strains isolated from a wide variety of host plants. In contrast, we examined 80 strains isolated from a single host species. Although we did not attempt an exhaustive RFLP analysis, the finding that a single probe, shorter than probes used in the studies mentioned above, revealed at least seven RFLP groups suggests that there is a great deal of variability in nature at the DNA level among strains of the same pathovar. Furthermore, preliminary results from hybridizations of these 80 genomic DNAs with another P. syringae probe, pCUV8 (10), containing 32 kb of chromosomal DNA not linked to the lemnA gene, indicated even more RFLP variations (27) . Ultimately, it will be necessary to gain an understanding of the diversity exhibited within indigenous bacterial populations before any classification system based on DNA sequence polymorphism can be used with confidence. The results described here for P. syringae pv. syringae contribute to this understanding and suggest that RFLP analysis may not be a straightforward means of strain identification.
The essential role of the lemA gene within P. syringae pv. syringae in brown spot lesion formation was contrasted by the finding that this gene was not required by P. syringae pv. phaseolicola for the development of halo blight symptoms on bean plants. The function of the lemA locus was conserved between these two pathovars, as indicated by the complementation of the P. synngae pv. syringae lemA defects by the lemAPSP locus contained in the cosmid clone pKW12. To determine the role of the lemA locus in halo blight disease of bean, we mutagenized P. syningae pv. phaseolicola NPS3121 by using a Tn5-containing derivative of pKW12 that was no longer able to complement the lemnA pss mutant. The resulting P. syringae pv. phaseolicola lemA mutant strain remained fully pathogenic on bean plants and was unaffected in its ability to produce phaseolotoxin both in the plant and in culture.
The (35) . Finally, the finding that the lemA gene was required for expression of toxin and protease in P. syningae Cit7 demonstrated that the lern4 gene was both physically and functionally conserved in a nonpathogenic pseudomonad. Our analyses of lemA mutants of P. syningae pv. phaseolicola NPS3121 and P. syringae Cit7 have shown that homology does not necessarily indicate the involvement of the lemA gene in pathogenicity. The results presented in this paper are supported by the DNA sequence of the lemA4 gene, which predicts that LemA protein is a member of a family of bacterial regulators (13) .
The lemA locus was ubiquitous within all P. syningae strains examined but was required for the expression of distinct phenotypes in different genetic backgrounds. In P. syningae pv. syringae, the lemA gene is required for both lesion formation and toxin production, whereas in P. syningae pv. coronafaciens Pc27R, inactivation of the lemrA gene resulted in the loss of toxin production but not lesionforming ability (1) . A lemr4 mutation in P. syringae pv. phaseolicola NPS3121 had no observable effect on lesion formation caused by this strain or on toxin production. We 
